strength of ice sheets. Salts are also suspected in the europan ice and could lead to similar differences, enhancing the creation The Galileo mission has returned the first high-resolution of topographic relief from density contrasts and the formation (21 m/pixel) images of the surface of Europa. These images of fractures from brittle failure of the ice. Differences in the reveal structures with morphologies reminiscent of those seen environments between Europa and terrestrial sea ice in terms on terrestrial sea ice. Although it is premature to make oneof parameters such as temperature, gravity, time, and ice comto-one analogies between sea ice and Europa's surface, a review positions suggest caution in drawing direct analogies. Future of the types of surface features commonly formed on Earth work by the planetary and sea-ice communities must include and of various sea-ice processes can provide insight into the understanding the terrestrial processes sufficiently for extrapocomplex geology of Europa. For example, deformation of terreslation to Europa. © 1998 Academic Press trial sea ice results from winds, tides, and currents and from Key Words: Europa; geological processes (Europa); surfaces thermally induced stresses; the resulting features include frac-(satellites); planetary ices. tures ranging in width from millimeters to kilometers, pressure ridges, shear ridges, and rafted ice. Potential agents of deformation on Europa are more likely to be limited to tidal flexing
FIG. 1.
Galileo image of Europa showing part of the antijovian region where the ice surface has been fractured and separated. The prominent dark band appears to have been infilled by darker material. In turn, it has been cut by two sets of ridges. Area shown is 116 by 123 km; resolution is about 420 m/pixel. Illumination is from the left; north is to the top (Galileo frame, ASU IPF-1034).
be liquid beneath an ice crust under current conditions or 1995 and began returning image data from Europa on the first of 11 flybys . Prime mission images in the past, based on models of interior heating (Cassen et al. 1982 , Squyres et al. 1983 , Schubert et al. 1986 .
range from global color observations at Ͼ6 km/pixel to high-resolution samples at 21 m/pixel. These images clearly Voyager images of Europa obtained during two flybys in 1979 revealed the ice surface to exhibit complex patterns show the tectonic complexity that characterizes the icy surface of Europa. For example, the disruption of plates of lineaments generally inferred to be fractures (Smith et al. 1979a (Smith et al. , 1979b . Although the highest resolution Voyager associated with wedge-shaped dark bands seen on Voyager pictures was confirmed and extended to other areas with images were only about 2 km/pixel, general geological terrains were identified along with a wide variety of surface 1.6 km/pixel and 420 m/pixel images ( Fig. 1) (Sullivan et al. 1997 , Tufts et al. 1997 . Higher resolution data (Ͻ35 features and a few impact craters (Lucchitta and Soderblom 1982, Malin and Pieri 1986) . Of particular interest m/pixel) reveal the surface to have been broken into icy plates on very small scales (Fig. 2) , with seams between were some fractures that had widened into wedge-shaped dark bands representing as much as 25 km of relative plates commonly represented as ridge and groove terrain that in some places show lateral offsets. Except for isolated movement between icy plates (Schenk and Seyfert 1980 , Pieri 1981 , Schenk and McKinnon 1989 , Golombek and massifs, ridges and other surface features generally exhibit Ͻ300 m relief (Lucchitta and Soderblom 1982 , Malin and Banerdt 1990 .
The Galileo spacecraft arrived at Jupiter in December Pieri 1986, Greeley et al. 1998) . The low relief of ridges
FIG. 2. Conamara Chaos is the disrupted terrain on Europa bounded to the northwest (upper left) and northeast (upper right) by complex
ridge systems. This chaos appears to have formed by the breakup of bright terrain into segments that have rotated and translated into new positions. Arrow indicates location of Fig. 3 , which shows part of the area in more detail. Resolution is 180 m/pixel; illumination is from the right. Area shown is about 215 km wide; north is to the top (Galileo mosaic; ASU IPF 1060-2).
and other features, as well as areas where plates have been Earth Seyfort 1980, Tufts 1996) . For example, the pre-Galileo work of Pappalardo and Coon (1996) comdestroyed and replaced with lower standing icy rubble (Fig.  3) , suggest that mechanically brittle surface materials are pared ice-ridge formation in polar seas on Earth with the formation of ridges on Europa. Because of the potential isostatically compensated above ductile or liquid materials at relatively shallow depths (Carr et al. 1997, Greenberg comparisons 
FIG. 7.
Aerial photograph of a lead in the Beaufort Sea, in which the ice has opened partly along preexisting cracks. Older pressure ridges are also visible; deposits of snow and ice indicate a prevailing wind direction from the upper right. Area shown is about 2 by 2.8 km; illumination is from the lower left (ASU photograph no. 4374-H).
San Juan Capistrano, California (November 12, 1996) , the Before a terrestrial analogy can be made, the fundamental processes involved in the development of a feature must be Planetary Ices Conference in Flagstaff, Arizona (June 11-13, 1997), and planning sessions for a proposed project to understood well enough to allow extrapolation to another planetary environment. Unfortunately, many terrestrial drill through the ice crust over Lake Vostok in Antarctica, sponsored jointly by NASA and the NSF. sea ice processes are not yet fully understood. Moreover, comparisons are complicated not only by differences in In this paper, we illustrate surface features that result from various terrestrial sea-ice processes. Our goal is to scale, but by fundamental physical differences between environments on Earth and Europa, especially regarding acquaint the planetary community with the morphology and formational processes of some of the more common surface temperature, vapor pressure, gravity, potential ice thickness, and perhaps ice compositions. For this reason, sea-ice features that appear to be appropriate for considerations of the europan surface. For the most part, we are the differences between europan landforms and their terrestrial counterparts are likely to be as instructive as their not drawing direct analogies with Europa and the features imaged by Galileo. The history of planetary science is similarities. In the Discussion section (Section 3), we outline some of the key differences and similarities between fraught with the errors of drawing simplistic analogies. europan and terrestrial sea ice and some of the areas for future research.
TERRESTRIAL SEA ICE
Nearly two percent of the total amount of water on Earth is in its solid state, ice. Ice appears in a variety of forms, each with characteristic modes of formation, evolutionary cycles, and descriptive terminology (Steffen 1986) . Two forms of ice are encountered on the seas, true sea ice, formed by the freezing of salt water at the ocean's surface, and glacier, or land ice, formed by snow metamorphism on land, or on extensions of freshwater land ice into the sea (ice shelves). Glaciers and ice formed on fresh water glacier ice to form ice islands (icebergs) in the sea. 
Overview of Sea Ice
ally drains downward out of the ice through brine drainage channels 2 to 10 mm in diameter. Near the bottom Sea ice begins to freeze into continuous sheets in the of the ice sheet, brine drainage channels are spaced 15 to 20 cm apart and are about 1 cm in diameter. The autumn or early winter when temperatures lower to Ϫ1.8 to 0ЊC. The size and orientation of the first crystals that type and amount of brine in sea ice is governed by the water salinity and ambient temperature. As either the form depend on the sea state at the time of formation (Michel 1978) . Turbulence favors the formation of small (a salinity or temperature increases, the brine volume increases to maintain phase equilibrium with the ice. In few millimeters) equigranular crystals randomly oriented, while large (10-20 mm) plate-like crystals grow in calm addition to sodium chloride, there are other solid salts that form in sea ice, such as KCl and MgCl 2 · 8H 2 O water.
During freezing, part of the salt in the sea water is ex- (Assur 1958) . Studies show that the strength, elastic modulus, and other properties of sea ice are strongly pelled into the ocean and the remaining salt is either retained as solids or trapped in brine pockets as liquid inclu-influenced by the ice brine volume and the number and spacing of brine pockets and drainage channels (Weeks sions. The spacing among brine pockets is a few millimeters, but varies inversely with the speed of ice and Assur 1969, Schwarz and Weeks 1977) .
Once an initial ice skin covers the sea, the crystals grow growth. Very rapid ice growth incorporates most of the salt into the ice and very slow growth results in near-downward from the interface of the ice and water and increase in size. Mattes of fine spicules and plates of sea total salt rejection. Brine has a higher density and gradu- ice, called frazil, first develop and can evolve into thin, thicker and less dense than first-year ice and, thus, floats higher in the water. Such multiyear ice has a smoother continuous elastic crusts, or nilas. A combination of broken nilas and aggregates of frazil ice form circular pieces 0.3 surface than first-year ice due to weathering and often appears greenish-blue. to 3 m in diameter called pancake ice. Pancakes are characterized by raised rims that result from collisions with neighIn shallow seas, features such as ice ridges or rubble fields can become fixed to the sea floor or grounded. When bors. Pancake ice can also form at depth, where water zones of different temperature and density interface. This ice grounds, it builds a foundation that can pile ice to heights of 30 m or more. Major pile-ups of ice often occur submarine pancake ice can later rise to the surface and cover large areas. on beaches. At times, ice can completely override low islands and the surrounding sea ice can move past the Sea ice formed in one winter's growth is termed firstyear or white ice. Ice surviving one summer's melt becomes grounded features, leaving swaths in the ice (Fig. 4) . Sea ice that forms along coastlines usually remains anchored extend tens of kilometers or more (Bazant 1992 ), but do not necessarily evolve into leads; they can simply separate to the land during the winter and early spring and is referred to as fast ice.
a few centimeters and then refreeze. Shifting winds and ocean currents result in repeated Fractured sea ice (Fig. 5) forms flat segments called floes (Fig. 6 ). Fractures range in width from millimeters to Ͼ500 opening and closing of sea ice (Fig. 8) . The orientations of leads can change within a few hours; one set of leads m; those wider than a few tens of meters are called leads (Fig. 7) . Under loading, ice can deform into rubble fields, can become inactive and replaced by another set with a different orientation (Fig. 9) . Sea ice can diverge and expressure ridges, and rafted ice, the latter composed of newly formed ice from refrozen leads jammed over older ice. pose the ocean through a network of openings (Fig. 10) .
Where leads are continually forming, they result in a wide Because adjacent floes can move in different directions and speeds, irregular lake-like spaces of open water called variety of ice thicknesses, with the thickest undeformed ice being the oldest. Shear can occur along leads, resulting polynyas can also develop. In winter, the open water in cracks, leads, and polynyas freezes almost as soon as the in additional deformation. water is exposed.
Sea Ice Ridges 2.2. Sea Ice Fractures
The most common type of surface features on sea ice are linear arrays of broken ice called ice ridges (Weeks Fracturing of sea ice can result from loads imposed by and Kovacs 1970) . From 13 to 39% of Arctic sea ice is currents, winds, or changes in temperature (Coon 1974, occupied by ice ridges. Ice ridges include two forms, (1) 1980, . One of the simplest fracture mechapressure ridges, which are created by the relative motion nisms is thermal cracking (Evans and Untersteiner 1971) , of two ice floes toward one another and (2) shear ridges, caused as the top layer of an ice sheet cools, contracts, and which develop at the boundary between stationary, or fast, attempts to curl up from the surface of the sea. However, ice and ice moving as floes. They are less common than the sheet is folded back to the water by gravity, causing pressure ridges. bending stresses that fracture the ice. It is common in the Arctic to hear thermal cracking during most of the freezing Pressure ridges. Pressure ridges (Figs. 11 and 12 ) form by the collision of interacting ice sheets. Forces required season. The cracks form very rapidly; propagation is independent of the ice thickness, in that they cut through thick to push ice sheets into ridges range in magnitude from 10 5 to 10 7 dynes per cm along a lead. In terrestrial polar reand thin areas without noticeable deflections. Cracks can gions, winds blowing continuously over a 20-km fetch can Although the ridging process is complex, the mechanical interactions between ice sheets to form pressure ridges are produce such a force. The high-standing part of a ridge is called the sail, while the part extending into the water well understood. The process begins as two sheets of ice move toward each other and close a gap, such as a lead, below the bottom is called the keel. Pressure ridges are composed primarily of ice less than a meter thick derived between them. The gap can be filled with ice rubble formed from thin ice in a refrozen lead subsequently ruptured by from lead ice. When the ice pack is compressed, the weakest (i.e., thinnest) material is deformed first. However, relative motion, or from blocks broken from the parent body. As the sheet advances, the rubble is thrust either because leads rarely close exactly as they open, areas of thin lead ice commonly remain even after rather severe over or under the sheet. A model for this process was developed by Parmerter and Coon (1972) , shown in Fig.  deformation . Ridges of larger dimensions tend to be composed of thicker ice.
13, in which the deforming ice sheet that produces the ridge is indicated by a dashed line. This sheet breaks from a downward load imposed by the weight of the sail and an upward load from the bouyancy of the keel. These two forces cause a moment, and the ice fails in the bending. Material is swept toward the center of the former lead and a ridge-like structure is created. Gravity forces define an angle of repose that limits the steepness of slopes of this structure. Floating rubble is free to seek isostatic equilibrium, but rubble above and below the ice sheet can adjust only indirectly by bending the ice sheet toward equilibrium (Fig. 14) .
As the ridging process continues, the central rubble pile reaches a critical height and then grows laterally. Additional ice breaks from the sheet, adds to the edge of the rubble pile, and accumulates to the limiting height of the central core (Fig. 13) . The limiting height of the ridge is assumed to be that height producing bending stresses sufficient to fracture the ice sheet and the thickness of the supporting keel (Parmerter and Coon 1972) . Voids between large ice blocks, common in pressure ridges, can produce average densities less than that of solid ice. The height of ridges averages about 2 to 4 m, although sail heights range up to 12.8 m for free-floating ridges (Kovacs et al. 1972 ) and more than 30 m for grounded pressure ridges (Taylor 1978) .
Shear ridges. Deformation also occurs when ice floes

FIG. 16. Rafting of thin ice is seen as the gray areas in this lead
(dark zone). Finger rafting is shown by the zig-zag pattern in the top slide past one another (Fig. 15) 
FIG. 18. Oblique aerial photograph showing an ice island several hundred meters across (ASU photograph no. 4395-H).
gential forces occur at the shear zone. The ice then takes dozens of kilometers across, but too small to be considered open seas. Polynyas form by one of two mechanisms or a the form of chaotic, randomly dispersed rubble or a zone combination of the two (den Hartog et al. 1983) .
(1) Ice of quasi-parallel shear ridges. Shearing and grinding procan alternately form and be removed by winds or currents cesses produce the most compact and finely ground form (Pease 1987) ; in this mechanism, the heat lost to the atmoof sea ice.
sphere is maintained by the latent heat of fusion of the ice 2.4. Ice Rafts as it forms. These are referred to as latent heat polynyas.
(2) Convecting sea water or currents can introduce suffi-A phenomenon similar to ridge formation is ice rafting. cient heat to prevent ice formation locally. These are reConverging ice sheets do not always fragment upon con-ferred to as sensible heat polynyas. Polynyas also can form tact, but remain coherent with one being thrust onto the or be maintained by a combination of the two mechanisms other, forming rafted ice (Fig. 16) . Rafted ice is most com-involving turbulent mixing in the ocean below the polynya. mon in new, thin ice. Blocks are sometimes broken from Ice fog or sea smoke composed of water droplets can form the leading edge of the thrust sheet and commonly develop in large quantities over polynyas and other bodies of a pressure ridge along the edge of the rafted ice. Rafted open water. ice thicknesses 2-4 times greater than the ice sheet are 2.6. Ice Islands commonly found within a few hundred meters of pressure ridges and are the result of repeated overthrusts.
''Icebergs'' in the Arctic Ocean are technically called In some cases, interlocking thrusts are created between ice islands and are composed of fragments split or ''calved'' two ice sheets, resulting in striking rectilinear patterns. from ice shelves. The thicknesses of ice islands in the Arctic Each flow thrusts ice segments alternately over and under are variable but can exceed 70 m; thickness decreases with its neighbor and produces finger rafting (Fig. 17) .
time as ice islands melt and ablate. The lateral dimensions of ice island are also variable, ranging from a few tens of 2.5. Polynyas meters to more than 10 km across. Warren et al. (1994) noted that calving is a poorly understood process and leads Polynyas are rectangular, elliptical, or irregular openings in sea ice ranging in size from a few hundred meters to to a wide variety of sizes and shapes of ice islands (Fig. 18) . ment of the differences and similarities between sea ice and Europa enables a better understanding of the origin of the features revealed by the Galileo spacecraft.
Earth-based spectral observations of icy satellites, reviewed recently by Brown and Cruikshank (1997) , and near-infrared mapping spectrometer data from the Galileo mission show that Europa has a variety of nonice materials on the surface. Most models suggest that various salts, such as MgSO 4 , and other compounds (Hogenboom et al. 1997) could be present. Similarly, terrestrial sea ice contains not only NaCl, but a variety of other salts (Assur 1958) in the solid form and in brine pockets. These not only cause density differences within the sea ice (thus affecting its ''float height''), but also influence the strength of the ice sheet and its susceptibility to deformation. Similarly, the salts and other nonice components in europan ice could lead to density differences and weaken the ice, enhancing the formation of fractures and other structures.
Sea ice on Earth desalinates with age because the denser brines segregate and drain downward. Salts are also excluded from ice in the freezing process. The contamination of terrestrial sea ice with salts could be analogous to some of the red-brown nonice components on Europa. The europan material forms mottled terrain which is often found in low-lying areas where the crust has been disrupted  FIG. 19 . Aerial photograph of sea ice in the summer showing areas ); it appears to be excluded in the ridgeof melt water (dark areas) formed on the surface of the ice. White dots building process because geologically young ridges lack in middle of photograph right of center are field camp huts about 4 by the coloration (Geissler et al. 1997) . Some ridges could be 4 meters (Photograph by Max Coon; ASU photograph no. 4365-H).
composed of relatively pure H 2 O ice rising through higher density ices or liquids containing salts.
Galileo data show distinctive differences in the color 2.7. Weathering of Sea Ice and albedo of bright plains of Europa, which are attributed to differences in ice-grain sizes and perhaps the presence Freshwater melt ponds form on the surface of sea ice of nonice components (Belton et al. 1996, Helfenstein et al. by the melting of snow. First-year sea ice subjected to 1998). Similar differences in sea ice are observed as a summer melting contributes additional water to the melt function of age, in which first-year ice tends to be fineponds (Fig. 19 ). Many ponds form by the melting of ridges, grained and white; in subsequent years the grain size is which receive more radiation on their sun-facing sides than coarser and the ice becomes bluish. However, ice-grain does the flat ice. Melt ponds grow because they trap more sizes are also a function of the state of the water (turbulent radiation than the surrounding ice and, in some cases, melt versus quiet) from which it freezes, as well as subsequent through the floes. The thin ice in leads around floes melts comminution resulting from fracturing and deformation. in the spring and the floes are surrounded by open water.
Moreover, terrestrial sea ice can be colored by the presence Ice that has survived more than one summer ultimately of algae. becomes a layer cake of annual layers that are formed Fracturing and deformation of sea ice typically decreases during successive winter periods of ice growth. Ultimately, its bulk density. For example, ice rafting and pressure ridge multiyear ice reaches an equilibrium of about 3 to 4 m formation involve stacking of sheets of ice, fracturing of thickness, such that the thickness of ice ablated during the sheets into blocks, and development of sails and keels, all summer equals the thickness grown during the winter.
of which can have substantial void space and enable higher standing features. Images of Europa clearly show surfaces 3. DISCUSSION AND CONCLUSIONS that have been severely deformed (Fig. 20) , enhancing the probability of lower bulk densities and the creation of The morphology of terrestrial sea ice and the processes involved in the formation and evolution of sea ice provide topographic relief independent of compositional differences. insight into the geology of Europa. Although we are not making one-to-one comparisons of specific features, assessDeformation in terrestrial sea ice occurs primarily from drag exerted by winds, tides, and ocean currents, or from Medial valleys separating pairs of bilaterally symmetric ridges, so common on Europa (Fig. 20) , are notably absent thermal expansion and contraction. On Europa, the most likely agents of deformation are tidal stresses induced by in terrestrial sea ice. Terrestrial pressure ridges can reach heights that are many times greater than the thickness its eccentric orbit around Jupiter (Greenberg et al. 1997 , Geissler et al. 1997 , solid-state convection (Pappalardo of the ice sheet because they are supported by buoyant subsurface keels much larger than the visible relief at the et al. 1997), or possible currents if subsurface water exists (or existed in the past) beneath an ice crust. It should be surface (Fig. 13) . The offset between the upward buoyancy of the keels and the downward weight of the ridge can noted, however, that terrestrial sea-ice sheets are seldom thicker than a few meters, far thinner than the hundreds create cracks parallel to the ridges, perhaps analogous to those seen at much larger sizes on Europa; but, this does of meters to many kilometer thicknesses estimated in some regions of Europa (Carr et al. 1997) . Moreover, fractures not account for the medial fracture.
Fractures in both sea ice and on Europa appear to take in terrestrial sea ice are comparatively short and tend to meander (Fig. 7) , perhaps reflecting the local stresses that advantage of preexisting cracks Sullivan 1996, Lucchitta and Soderblom 1982) , and features formed formed them. In contrast, Europa's straight lineaments that are 1000 km or more in length could indicate global-by shear can be reconstructed (Fig. 11; McKinnon 1989, Tufts 1996) . Wedge-shaped leads and arcuate scale processes, such as deformation from tidal stresses. The ridging model of Parmerter and Coon (1972) for ter-floes in sea ice form in regions of divergence and in planform superficially resemble the much larger ''pull-apart'' restrial sea ice was modified for the Europa environment by Pappalardo and Coon (1996) and Greenberg et al. features in the equatorial regions of Europa's antijovian hemisphere (Fig. 1 ) thought to be caused by extension (1998), taking tidal stresses into acount, and is viable hypothesis for the development of ridges of Europa. (Sullivan et al. 1997 , Tufts et al. 1997 , Geissler et al. 1997 .
information on the morphology of floating ice in the early 1980s stimulated Europa could be tectonically active today, driven by by the Voyager results. Their compilation aided in the preparation of analogous tidal heating processes as those responsible for this manuscript. Dan Ball and Brian Creed from Arizona State University active volcanism on Io (Cassen et al. 1982) . Plans for the are thanked for photographic support and Byrnece Erwin and Andrea extended phase of the Galileo mission include searching Gorman (also from Arizona State University) are thanked for word processing. We also thank the Galileo project team for bringing the for potential activity or changes on the surface since Voymission to success and for the return of the high quality images used in ager or since the earlier mapping phases of Galileo. Given this report. This study was supported by the National Aeronautics and the poor resolution of the Voyager data (2 km/pixel) and Space Administration through contracts by the Jet Propulsion Labothe limited coverage by Galileo, the probability of observ-ratory. ing activity is low. However, there are some aspects of the europan surface seen in present Galileo images that could
